Nuclear factor E2-related factor 2 (Nrf2), a transcription factor, controls the expression of genes encoding cytoprotective proteins, including antioxidant enzymes that combat oxidative and electrophilic stress to maintain redox homeostasis. However, recent studies demonstrated that, in cancer, aberrant activation of Nrf2 by epigenetic alterations promotes high expression of cytoprotective proteins, which can decrease the efficacy of anticancer drugs used for chemotherapy. In this review, we summarize recent findings regarding the relationship between oxidative stress, Nrf2, epigenetic modification, and anticancer drug resistance, which should aid in development of new strategies to improve chemotherapeutic efficacy.
INTRODUCTION
Nuclear factor E2-related factor 2 (Nrf2), a transcription factor that regulates multiple antioxidant and detoxifying enzymes, is primarily involved in adaption to various cellular stresses. High Nrf2 activity makes a critical contribution to cancer cell resistance to various anticancer therapies (1, 2) . Epigenetic modifications, which are heritable alterations in gene expression not accompanied by changes in the primary DNA sequence, are intimately involved in oxidative stress and Nrf2 expression (3) . In this review, we discuss the latest findings regarding epigenetic regulation of Nrf2 expression by DNA demethylation and histone methylation in 5-fluorouracil-resistant cells. Studies of the epigenetic modification in Nrf2 expression will provide new candidate therapeutic targets for anticancer drug resistance.
ANTICANCER DRUG RESISTANCE AND OXIDATIVE STRESS
Anticancer drugs rely primarily on induction of cell death via apoptosis, mitotic catastrophe, or premature senescence.
However, anticancer drug resistance and dose-limiting toxicities are major obstacles to achieving successful cancer chemotherapy (4) . The mechanisms underlying the development of anticancer drug resistance are complex and often involve activation of antioxidant or detoxifying enzymes (5, 6) . Studies of anticancer drug resistance have yielded valuable information about how to improve cancer chemotherapy by circumventing such resistance.
Reactive oxygen species (ROS) comprise hydrogen peroxide (H 2 O 2 ), hydroxyl radical (
, and singlet oxygen ( 1 O 2 ). Under physiological conditions, cells can maintain a balance between cellular oxidants and antioxidants, a state referred to as redox homeostasis. Many types of tumor cells contain higher levels of ROS than normal cells, promoting cancer progression and development (7) . On the other hand, when ROS concentrations become extremely high, they cause tumor cell death (8) . Thus, a variety of drugs with direct or indirect effects on ROS levels have been employed as effective cancer therapies. In certain cancer cells, persistent oxidative stress may induce adaptive stress responses, including activation of redox-sensitive transcription factors such as Nrf2, leading to an increase in the expression of ROS-scavenging enzymes, elevated levels of survival factors, and suppression of cell death factors. ROS-mediated DNA mutations or deletions promote genomic instability, providing an additional mechanism for stress adaptation. Together, these events enable tumor cells to maintain cellular viability with high levels of ROS. Because these transcription factors also regulate the expression of genes that are responsible for proliferation, evasion of senescence, angiogenesis, and metastasis, redox (Fig. 1) . Accordingly, manipulating ROS levels via redox modulation represents a promising strategy for selectively killing cancer cells without causing significant toxicity in normal cells.
NUCLEAR FACTOR E2-RELATED FACTOR 2 (Nrf2)
The transcription factor Nrf2 binds to small Maf proteins at the antioxidant response element (ARE) in the promoter regions of target genes, and Kelch-like ECH-associated protein 1 (Keap1), a cytoplasmic anchor of Nrf2, promotes Nrf2 degradation by the ubiquitin proteasome pathway (11, 12) . The target genes for Nrf2 are multiple antioxidant enzymes, including heme oxygenase 1 (HO-1), catalase, superoxide dismutase, NAD(P)H quinone oxidoreductase 1, glutamate-cysteine ligase, glutathione S-transferase, and glutathione synthetase.
Several studies reported that suppression of carcinogenesis by chemopreventive drugs is mediated through activation of Nrf2 (13, 14) . Paradoxically, however, recent studies showed that oncogene-induced Nrf2 promotes both ROS detoxification and tumorigenesis (12, 15) . Moreover, genetic analyses of human cancers revealed that Nrf2 may be oncogenic and cause resistance to chemotherapy (16) . Na and Surh reviewed the evidence that the cellular stress response or cytoprotective signaling mediated via the Nrf2-HO-1 axis is exploited by cancer cells to promote their proliferation and increase their ability to survive chemotherapy (17) . Therefore, Nrf2 and its downstream target HO-1 represent candidate therapeutic targets for the management of cancer.
EPIGENETIC MODIFICATIONS
Epigenetics is the molecular phenomenon by which phenotypic changes are transmitted from one generation to another with no accompanying alterations in the DNA sequence. Epigenetic mechanisms include DNA methylation/demethylation, histone modifications, and microRNA (miRNA)-mediated regulation. Although many types of histone modifications have been reported, here we focus on methylation/demethylation of DNA and histones.
DNA methylation/demethylation. DNA methylation occurs when methyl groups are incorporated into cytosine molecules by DNA methyltransferases (DNMTs), forming 5-methylcytosine (5-mC). In particular, two de novo DNMTs (DNMT3A, DNMT3B) and a maintenance DNMT (DNMT1) transfer methyl groups from S-adenosyl-methionine to cytosine in CpG dinucleotides. This process contributes to the suppression of transcription. Methylation can be reversed by DNA demethylases, the ten-eleven translocation enzymes (TETs): TET1, TET2, and TET3. These enzymes convert 5-mC to 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC), and 5-carboxylcytosine (5-caC), which are subsequently excised from the DNA by glycosylases (18, 19) (Fig. 2) . Generally, DNA demethylation contributes to the activation of transcription.
Histone methylation/demethylation. Histone methylation can either repress or activate transcription, depending on several factors: arginine methylation of histone H3 and H4 promotes transcriptional activation, whereas lysine methylation of histone H3 and H4 is implicated in both transcriptional activation and repression, depending on the methylation site. In addition, lysine residues can be mono-, di-, or tri-methylated, providing further functional diversity to each methylation site. Tri-methylation on K4 of histone H3 (H3K4Me3) by the mixed lineage leukemia (MLL) protein is generally associated with transcriptional activation (20) , whereas H3K9Me2, H3K9Me3, and H3K27Me3 generated by G9a or enhancer of zeste homolog 2 (EZH2) are generally associated with transcriptional repression (21) . Histone demethylases, e.g., the lysine-specific demethylase 1 and Jumonji domain-containing histone demethylases, are involved in demethylation of mono-, di-, and tri-methylated lysines (22) .
RELATIONSHIP BETWEEN DRUG RESISTANCE, OXIDATIVE STRESS, Nrf2, AND EPIGENETIC MODIFICATIONS
The epigenetic regulation of Keap1 has been investigated in various cancers. Wang and colleagues first reported that Keap1 is highly expressed in BEAS-2B human normal bronchial epithelial cells but is down-regulated in a series of lung cancer cell lines and human lung cancer tissues; this down-regulation was accompanied by the hypermethylation of CpG sites in the Keap1 promoter region and was restored by 5-aza treatment (23) . Similar results have been obtained in various cancers, including malignant gliomas and breast, colorectal, prostate, thyroid, and head and neck cancer cells. Activation of Nrf2 signaling by hypermethylation of Keap1 promoter is associated with tumor progression and resistance to therapies (24) . Li and colleagues showed that decreased EZH2 expression significantly correlated with elevated expression of Nrf2, NQO1, and HO-1 in lung cancer tissues and cell lines, which was mainly attributed to a decrease in H3K27Me3 in the Nrf2 promoter (25) . Recently, Kang and colleagues focused on the causative relationship between Nrf2 expression and epigenetic alterations, especially DNA methylation at cytosines during 5-fluorouracil (FU)-induced oxidative stress (26) . They found that 5-FUinduced ROS activate DNA demethylases (TETs), resulting in hypomethylation of the Nrf2 promoter and activation of Nrf2 expression. This, in turn, upregulates expression of the antioxidant enzyme HO-1, a Nrf2 target, resulting in resistance to 5-FU. In addition, in mice implanted with shNrf2-transfected 5-FU-resistant SNUC5 (SNUC5/5-FUR) colon cancer cells, 5-FU treatment decreased tumor volume, size, and weight, and increased the proportion of apoptotic cells to a greater extent than in mice implanted with shControltransfected SNUC5/5-FUR cells. Thus, high Nrf2 expression resulting from oxidative stress-induced DNA demethylation may promote resistance to 5-FU (26) . Kang and colleagues demonstrated that, in addition to DNA methylation, histone methylation status under 5-FU-induced oxidative stress also influences expression of Nrf2 and its target antioxidant enzymes, resulting in resistance to 5-FU. Levels of MLL and the modification it catalyzes (H3K4Me3) were higher in SNUC5/5-FUR cells than in SNUC5 cells, and siRNA knockdown of MLL in these cells significantly decreased expression of Nrf2 and HO-1 (27) . Furthermore, Kang and colleagues demonstrated that the TETs and MLL interact with O-GlcNAc transferase (OGT) and host cell factor 1 (HCF1) to regulate Nrf2 expression (27) . Several reports showed that the TETs-OGT interaction increases TET DNA demethylation activity and recruit histone methyltransferase complex required to a high H3K4Me3 chromatin environment, resulting in transcriptional activation (28) (29) (30) .
MLL is a component of the complex of proteins associated with Set1 (COMPASS) like complex. HCF1, a component of the MLL complex, is critical for the integrity of the MLL/COMPASS-like complex. Capotosti and colleagues suggested that HCF1 is GlcNAcylated and undergoes proteolytic maturation in the active site of OGT. This OGT link is associated with activation of the regulatory functions of Fig. 2 . Cytosine methylation and demethylation (18, 19) . DNMTs catalyze conversion of cytosine into 5-mC. TET proteins can iteratively oxidize 5-mC to 5-hmC, 5-fC, and 5-caC. Thymine DNA glycosylase (TDG) can decarboxylate either 5-fC or 5-caC and replace it with an unmodified cytosine through base excision repair (BER), completing the cycle of dynamic cytosine removal.
HCF1 (31) . In addition, a previous study suggested that HCF1 functions as a transcriptional switch for the action of MLL (32) . siRNA knockdown of HCF1 decreases the level of MLL mRNA and protein in SNUC5/5-FUR cells, resulting in reduced expression of Nrf2 protein (27) . These results suggest that the MLL and HCF1 components of the MLL/ COMPASS-like complex are necessary for Nrf2 expression.
Recent work showed that OGT stabilizes the MLL protein: depletion of OGT in cells decreased the level of MLL via ubiquitin/proteasome-dependent proteolytic degradation, whereas ectopic expression of OGT protein suppressed MLL ubiquitylation (33) . siRNA-mediated knockdown of OGT decreased mRNA and protein levels of MLL in SNUC5/5-FUR cells, resulting in reduced expression of HCF1 and Nrf2 proteins (27) . In addition, upregulation of Nrf2 by the TET1-OGT-MLL complex was confirmed by ChIP assay: the level of H3K4Me3 on the Nrf2 promoter was significantly elevated in SNUC5/5-FUR cells, whereas the H3K4Me3 level on the β-actin promoter, which is unrelated to 5-FU resistance, was unchanged (27) . Thus, oxidative stress-activated TET1 demethylates DNA in the promoter of Nrf2. In addition, TET1 recruits OGT and the MLL/ COMPASS-like complex to the promoter. The complex methylates H3K4, resulting in transcriptional activation of Nrf2, ultimately leading to chemo-resistance (Fig. 3) .
CONCLUSION
A recent study elucidated the epigenetic regulation of Nrf2 expression in 5-FU-resistant cancer cells (26, 27) . As depicted schematically in Figure 3 , Nrf2 expression can be activated by DNA demethylation in CpGs of promoter regions, as well as histone methylation. However, although oxidative stress-induced anticancer drug resistance is involved in these epigenetic modifications, it is not clear whether epigenetic processes other than DNA demethylation and histone methylation also contribute. The exact mechanisms of epigenetic regulation of Nrf2 expression in anticancer drug resistance, as well as its physiological significance, remain open for further investigation. Fig. 3 . Model: the roles of DNA demethylation and histone methylation in the mechanism of resistance to 5-FU (26, 27) . 5-FU induces oxidative stress via generation of ROS, which increase TET1 activity. Induction of TET1 leads to activation of Nrf2, ultimately causing drug resistance. Moreover, oxidative stress-activated TET1 recruits OGT to the Nrf2 promoter. OGT GlcNAcylates HCF1, a component of the MLL/COMPASS-like complex. This complex methylates H3K4, resulting in transcriptional activation of Nrf2, leading to chemo-resistance.
